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Abstract
Background. In systemic lupus erythematosus patients, a
strong association between the occurrence of antibodies
against complement C1q (anti-C1q) and lupus nephritis
can be observed. However, the predictive value of anti-
C1q titres for a renal flare remains to be determined. In-
creasing titres of anti-C1q before the occurrence of clinical
apparent nephritis might not only serve as a clinical param-
eter but also indicate a direct pathogenic mechanism of
anti-C1q.
Methods. The aim of this study was to analyse the occur-
rence of anti-C1q before the onset of experimental lupus
nephritis in MRL/MpJ +/+ mice and to correlate anti-C1q
titres with the type and severity of glomerulonephritis (GN)
developing at advanced age.
Results. As judged by a number of morphological and im-
munological analyses, GN in MRL/MpJ +/+ mice re-
sembled human lupus nephritis and occurred in variable
degrees of severity. We also observed an abundant and early
presence of anti-C1q. However, anti-C1q neither correlated
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with overall survival nor with any histological marker of
severity of GN.
Conclusions. The absence of a correlation between the
presence of anti-C1q and the occurrence of experimental
lupus nephritis contradicts the hypothesis that anti-C1q
are pathogenic. However, different pathogenic mechanisms
of experimental lupus nephritis and human proliferative
lupus nephritis cannot be excluded.
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Introduction
In patients with systemic lupus erythematosus (SLE), a
strong correlation between the occurrence of autoanti-
bodies against C1q (anti-C1q), the first component of
the classical pathway of complement, and lupus neph-
ritis has been demonstrated. Furthermore, a rise in anti-
C1q titre was suggested to be predictive for a renal flare.
However, the predictive value of anti-C1q for severe lupus
nephritis remains controversial [1,2]. Such an analysis in pa-
tients is limited by the difficulty of close follow-up in rela-
tion to biopsy-confirmed nephritis. In contrast, the analysis
of lupus-prone mice for the presence of anti-C1q in relation
to the occurrence of severe glomerulonephritis (GN) might
allow the predictive value of anti-C1q to be determined.
Several mouse models of human SLE have been de-
scribed. Although these models differ considerably from
each other, they mostly share two phenotypic characteris-
tics: the occurrence of autoantibodies and GN [3–5].
Among other autoantibodies, anti-C1q have been described
in the three best-characterized lupus-prone strains: MRL/
MpJ-lpr/lpr, BXSB and (NZBxNZW) F1 [6–9]. The highest
levels of anti-C1q have been detected in MRL/MpJ-lpr/lpr,
and in this strain, anti-C1q were shown to be associated
with low C1q levels [7]. However, this mouse model of
SLE is not ideal to dissect the time course of the disease
because of its fast and severe course. Furthermore, all
MRL/MpJ-lpr/lpr mice had anti-C1q antibodies and all
developed a severe and very early GN. Therefore, no
clear correlation between anti-C1q and nephritis could
be established [9].
In contrast, MRL/MpJ +/+ mice, which lack the lpr mu-
tation spontaneously, develop an SLE-like autoimmune
syndrome in a more delayed and less uniform fashion. In
this strain, GN is a late event and occurs in variable degrees
of severity. Although GN is considered to resemble human
lupus nephritis, detailed histopathological analyses of this
strain are scarce [10]. Lack of C1q has been shown to ac-
celerate the disease [11,12], supporting the hypothesis that
anti-C1q play a role in the pathogenesis of GN in MRL/
MpJ +/+ mice. In addition, preliminary studies in a small
cohort of MRL/MpJ +/+ mice had shown that some but
not all of these mice developed elevated titres of anti-C1q
early in life, when compared to normal BALB/c mice. Fur-
thermore, anti-C1q could not be detected in MRL/MpJ +/+
mice being C1q-deficient (unpublished data). Thus, anti-
C1q associated with low C1q could be involved in the
pathogenesis of murine GN in a disease-modifying way.
To test the predictive value of anti-C1q antibodies and
the hypothesis that these have a pathogenic role in lupus
nephritis, we followed MRL/MpJ +/+ mice and analysed
potential correlations between anti-C1q titres before the
onset of nephritis and the final severity of GN.
The aims of the presented study were (i) to give a de-
tailed morphological description of the glomerular histo-
pathology of autoimmune MRL/MpJ +/+ mice and (ii) to
analyse the occurrence of anti-C1q before the onset of
nephritis and to correlate anti-C1q titres with the type and
severity of GN.
Materials and methods
Animals and experimental protocol
Female MRL/MpJ +/+ mice were obtained from the Jackson Laboratory
(Bar Harbor, ME, USA) at 4 weeks of age. Control BALB/c mice were
maintained at our animal facility. All animals had free access to water and
standard chow. Animal care and experimentation were performed in ac-
cordance with the national guidelines (Federal Veterinary Office) for the
care and use of laboratory animals. Serum and urine were first collected
every month, then every second month. Mice were euthanized according
to the national guidelines for the care and use of laboratory animals with a
carbon dioxide chamber or with pentobarbital followed by axle bleeding
and collection of kidneys for further analysis.
Three cohorts of 30 MRL/MpJ +/+ mice each were analysed. In the
first cohort, the survival of MRL/MpJ +/+ mice was determined and com-
pared to the survival of 12 BALB/c control mice. In the second and third
cohorts, MRL/MpJ +/+ mice were euthanized at 11 and 14 months in
order to analyse the degree of GN at these ages. As a control, kidneys
and spleens from 6-week-old and 14-month-old BALB/c mice were used.
Morphological studies
All morphological studies were performed with histological sections of
11- and 14-month-old MRL/MpJ +/+ mice. Eleven-month-old mice had
only mild nephritis which didn’t allow a distinct grading required for the
correlation with anti-C1q titres. Therefore, detailed morphological ana-
lyses were only performed in 14-month-old mice.
Light microscopy. The kidneys were divided lengthwise. A slice of kidney
was fixed in 4% phosphate-buffered formalin and then embedded in paraf-
fin. Three-micrometre-thick sections were stained with H&E, PAS, tri-
chrome (chromotrope aniline blue) and methenamine silver.
Electron microscopy. Remaining tissuewas used for electron microscopic
studies. Fixation was done in 3% phosphate-buffered glutaraldehyde, em-
bedding in epon. Ultra-thin sections were stained with osmium tetroxide
and contrasted with lead citrate.
Morphometry. Unstained paraffin sections were mounted with a medium
containing Hoechst blue (H33258). Photographs of 10 consecutive glom-
eruli of each mouse were taken under fluorescent light using a DAPI filter
as well as under visible light using phase contrast with a Zeiss microscope
equipped with an Axiocam. The Hoechst blue-positive nuclei were counted
manually in each glomerular cross section. The area of a glomerular cross
section was determined in the phase contrast photographs using the Zeiss
Axiovision AutoMeasure module.
Light microscopic evaluation. The followingmorphological findingswere
systematically assessed by light microscopy and graded 0–3+ (absent–
severe): mesangial matrix expansion, mesangial hypercellularity, intraca-
pillary hypercellularity, lobulation of the glomerular tuft, mesangial and
peripheral protein deposits (as seen with trichrome stain) and active lesions
(mesangiolysis, tuft necrosis, fibrin exudation into the capsular space,
crescents, protein thrombi, vasculitis). The total score could reach a max-
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imum of 18 (range 0–18). In addition, the following features were recorded
as present/not present: obsolescent glomeruli, arteriolar hyalinosis and
lymph follicules.
For statistical evaluation, three groups each containing seven animals
with increasing scores (0–4, 5–9, 10–18) were used.
Immunohistochemistry
To reveal IgG andC3 deposition, sectionswere deparaffinated and hydrated
according to standard protocols. Sections were digested with protease
XXIV (0.03% 50 μL per section) (Sigma, Missouri, USA) for 5 min
(IgG) and 10 min (C3) and washed in 100% ethanol. Then they were rehy-
drated in PBS and blocked with normal goat serum (Vector Laboratories,
Burlingame, CA). Sections were incubated overnight in PBS, 1% BSA
with biotinylated goat anti-ms IgG 1/1000 (SouthernBiotech, Alabama
USA) and rabbit anti-human C3c 1/2000 (DakoCytomation, Glostrup,
Denmark), which crossreacts with mouse C3c. After washing in PBS,
sections were incubated for 45 min in PBS 1% BSA with biotinylated
goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA). They were
washed again and incubated with VECTASTAIN Elite ABC reagent
(Vector Laboratories, Burlingame, CA) for 30 min, then washed again
and incubated with freshly prepared DAB solution (Vector Laboratories,
Burlingame, CA) for 2 min until a suitable colour had developed.
Counterstaining was carried out with Mayer’s haematoxylin (J.T.
Baker, Mallinckrodt Baker, Inc., Philipsburg, NJ, USA) for 2 min fol-
lowed by 2 min each of rinsing in tap water, distilled water, ethanol
70%, 96%, 100% and UltraClear (J.T. Baker, Mallinckrodt Baker, Inc.,
Philipsburg, NJ, USA). Finally, samples were mounted with UltraKitt
mounting medium (J.T. Baker, Mallinckrodt Baker, Inc., Philipsburg,
NJ, USA). For staining of nuclei, sections were deparaffinated and hy-
drated, followed by staining with bisbenzimide H33258 fluorochrome
trihydrochloride (Calbiochem, Merck, Darmstadt, Germany) for 1 min.
Then sections were washed three times and mounted with Ultrakitt
mounting medium (J.T. Baker, Mallinckrodt Baker, Inc., Philipsburg,
NJ, USA). The degree of IgG and C3 deposition was systematically
assessed by light microscopy and graded 0–3+.
Glomerular T cells were stained using deparaffinated and hydrated
paraffin sections that were blocked with normal goat serum and incubated
with a polyclonal rabbit anti-mouse CD3 antibody (Dako Denmark A/S,
Glostrup, Denmark). After washing, the binding of the primary antibody
was revealed by a biotinylated goat anti-rabbit IgG antibody (Vector Labo-
ratories, Burlingame, CA) followed by incubation with VECTASTAIN
Elite ABC reagent (Vector Laboratories, Burlingame, CA) for 30 min,
AEC Substrat-Chromogen (Dako Denmark A/S, Glostrup, Denmark) and
Mayer’s haematoxylin counterstaining (J.T. Baker, Mallinckrodt Baker,
Inc., Philipsburg, NJ, USA) as outlined before. In analogy, glomerular
macrophage staining was performed using a rat anti-mouse Mac2 antibody
(Cedarlane Laboratories, Hornby, Ontario, Canada) revealed by a bio-
tinylated secondary goat anti-rat IgG antibody (Southern Biotechnology,
Birmingham, AL, USA). For both, numbers of cells per glomerulus were
expressed as the median count of 50 glomeruli.
Fig. 1. Survival analysis of MRL/MpJ +/+ and BALB/c mice. By
15 months the mortality rate in the MRL/MpJ +/+ group was 30%
compared with no mortality observed in the BALB/c wild-type group.
(By 22 months the mortality rate in the MRL/MpJ +/+ group was
100% compared to 8.33% in the BALB/c wild-type controls). The
survival curves differed significantly (by log-rank test, P < 0.0001).
Fig. 2. Typical morphological lesions in MRL/MpJ +/+ mice of Groups I (A), II (B) and III (C) by light microscopy (LM ×600), in the PAS, trichrome
and silver stain (from left to right). a. Mild mesangial expansion and hypercellularity in the mesangium. b. Moderate mesangial expansion and
hypercellularity in the mesangium and few capillary loops. c. Severe lobulation of the glomeruli with prominent mesangial expansion and
mesangial as well as intracapillary hypercellularity. Protein deposits and thrombi (reddish/red) in the PAS and trichrome stain. Severe mesangiolysis
in the silver stain. Note increase of glomerular size from (A) to (C).
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Immunofluorescence
Cryostat sections of 4 μm of snap-frozen kidneys were stained for the
deposition of C1q. Sections were blocked with 5% normal rat serum
(Sigma-Aldrich, St. Louis, MO, USA) in PBS for 30 min, then incubated
with FITC-labelled rat anti-mouse C1q (Cedarlane, Burlington, Canada)
diluted 1/10 in PBS for 60 min. Sections were washed three times
using PBS then mounted with UltraKitt mounting medium (J.T. Baker,
Mallinckrodt Baker, Inc., Philipsburg, NJ, USA). Grading of immuno-
fluorescence was as follows: 1 = focal, 2 = diffuse weak and 3 = diffuse
strong. For evaluation purposes, two groups were formed according to the
degree of complement deposition (score: < = 2/>2).
Stainings for complement IgG and C3 were performed in analogy
using normal goat serum for blocking followed by a FITC-labelled poly-
clonal goat anti-mouse IgG (Sigma, St. Louis, Missouri, USA) and goat
anti-mouse C3 (ICL, Newberg, OR, USA), respectively.
Detection of total IgG, autoantibodies against complement C1q and
anti-nuclear antibodies
For the detection of murine anti-C1q, a highly significant correlation of
results was obtained comparing assays in which purified human C1q or
purified mouse C1q was used as the antigen [6]. Therefore, ELISA plates
(Nunc, Rosklide, Denmark) for anti-C1q measurements were coated over-
night at 4°C with purified human C1q (gift from Bühlmann Laboratories,
Schönenbuch, Switzerland; >99% pure as judged by SDS–PAGE) at a
concentration of 0.5 μg/well or for determination of total IgG with goat
anti-ms Ig (H+L) (SouthernBiotech, Alabama, USA) at a concentration
of 2 μg/mL. For the anti-C1q ELISA, serum samples were diluted 1:50 in
PBS Tween (0.05%), 1% FCS containing 1 M NaCl. For the detection of
IgG, serum samples were diluted 1/800 000 in PBS. After incubation
with serum samples, plates were washed and bound IgG was detected
using biotinylated polyclonal goat anti-mouse IgG (SouthernBiotech,
Alabama, USA) and horseradish peroxidase-labelled Streptavidin (Jackson
ImmunoResearch Europe, Suffolk, UK). A monoclonal mouse anti-human
C1q (generated by immunization of C1qa-deficient mice, clone 23D11)
[13] was used to generate a standard curve. Anti-C1q are expressed as
units per millilitre. To calculate the amount of IgG, a standard mouse
IgG preparation (SouthernBiotech, Alabama, USA) was used.
Anti-nuclear antibodies (ANA) were determined as described previous-
ly [14] (with the kind help of Prof. Rolink, Basel). In short, snap-frozen
sections of kidneys from RAG-2−/−mice were incubated with sera diluted
1:20 and bound antibodies revealed with an FITC-labelled anti-mouse IgG
antibody.
Proteinuria, haematuria and serum creatinine
Urine was regularly collected and analysed using dipsticks (Multistix® 5
SG, Bayer Diagnostics, Bridgend, UK) and a urine chemistry analyser
(Clinitek 50, Bayer Diagnostics, Bridgend, UK). Serum creatinine was
measured by quantitative colorimetric determination at 510 nm using a
commercially available assay (Creatinine Assay Kit, Biochain, Hayward,
CA, USA).
Antibody elution from kidneys
The procedure was performed as described before [9]. In short, six kidneys
from six mice with high titres of anti-C1q antibodies were pooled, minced
and collected in 3 mL PBS containing protease inhibitor cocktail (Roche,
Mannheim, Germany). The mixture was centrifuged at 3000 rpm for 5 min
and supernatants were collected. Pellets were washed and resuspended in
1.5 mL elution buffer consisting of 0.1 M glycine–HCl, 0.15 M NaCl, pH
2.5 and sonicated on ice with three bursts of 30 s and amplitude of 25. After
overnight rotation at 4°C, samples were centrifuged for 10 min at 10
000 rpm and supernatants were collected and adjusted to pH 7.5. Samples
Fig. 3. Deposition of C3, IgG and C1q in renal sections of MRL/MpJ +/+
mice. MRL/MpJ +/+ mice having deposition of C3, IgG and/or C1q
varied in their positivity, whereas others were negative. (A) Glomerulus
of a MRL/MpJ +/+ mouse, no deposition of C3. (B) Deposition of C3 in a
glomerulus of another mouse. (C) Glomerulus without IgG deposition.
(D) Glomerular deposition of IgG. (E) Glomerulus of a MRL/MpJ +/+
mouse, no deposition of C1q. (F) Deposition of C1q in a glomerulus of
another mouse. Original magnification ×40.
Table 1. Light microscopical findings and immune deposits in three groups of animals with different degrees of morphological lesions
Parameter, median (range) Group I Group II Group III P-value
Total score 3 (2–4) 6 (5–8) 12 (9–15) 0.0001
Mesangial enlargement 1 (1–2) 2 (2–2) 2 (2–3) 0.0007
Mesangial proliferation 1 (1–2) 2 (2–2) 3 (2–3) 0.0033
Intracapillary hypercellularity 0 (0–1) 1 (0–1) 2 (1–3) 0.0010
Lobulation 0 (0) 0 (0–2) 2 (2–3) 0.0004
Protein deposits 0 (0–1) 0 (0–2) 1 (1–3) 0.0114
Glomerular area (×103 μm2) 24.6 (16.2–29.5) 29.1 (23.1–32.4) 33.7 (25.6–39.4) 0.0043
Glomerular DAPI+ area (×103 μm2) 9.1 (5.6–13.4) 11.0 (9.0–12.4) 12.7 (11.1–13.7) 0.0091
Glomerular DAPI+ area per glomerular area 0.37 (0.34–0.42) 0.37 (0.33–0.43) 0.39 (0.30–0.46) 0.7799
Glomerular CD3+ cells 5.4 (3.1–6.6) 6.0 (4.3–9.2) 8.1 (6.4–9.8) 0.0113
Glomerular Mac2+ cells 0.7 (0.2–2.4) 3.5 (0.6–6.5) 5.3 (4.8–6.8) 0.0008
Glomerular IgG deposits 0 (0–2) 0 (0–2) 0 (0–2) 0.9823
Glomerular C3 deposits 0 (0–1) 1 (0–3) 2 (1–3) 0.0079
Glomerular C1q deposits 0 (0–3) 1 (0–3) 1 (0–3) 0.1726
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were then tested by ELISA for the presence of anti-C1q and IgG as de-
scribed above.
Statistics
Kaplan–Meier curves for the analysis of survival curves, column statis-
tics, area under the anti-C1q curves (AUC anti-C1q), non-parametric cor-
relation tests (Spearman) and Mann–Whitney U-test or Kruskal–Wallis
tests for the comparison of multiple groups were performed where appro-
priate. Levels of severity of complement deposition were analysed by Chi-
square tests and mortality by log-rank test. All statistics were performed
using GraphPad Prism version 4 (GraphPad Software, San Diego, USA).
Results
Survival analysis
First, a survival study of 30 MRL/MpJ +/+ and 12 BALB/c
control mice was performed. The onset of death within the
MRL/MpJ +/+ group occurred after 5 months, and 50%
mortality was reached at 18 months. After 22 months all
MRL/MpJ +/+ mice were dead. At this time, mortality in
the BALB/c control mice group was 8.33% (1 out of 12).
The difference in mortality between the two mouse strains
was significant (by log-rank test, P < 0.0001) (Figure 1).
Renal pathology
Since 11-month-old mice had only mild nephritis, all the
following morphological analyses were only performed in
14-month-old mice. At this age, 95% of MRL/MpJ +/+
mice were ANA positive.
Light microscopy. At low magnification, the basic struc-
ture of the kidneys was well preserved. In the cortex,
enlarged glomeruli were apparent exhibiting variable de-
grees of hypercellularity. Occasional (<5%) obsolescent
glomeruli were seen in practically all mice. The tubulo-
interstitial space was unremarkable, apart from variable
Fig. 4. Typical morphological lesions in MRL/MpJ +/+ mice of Groups I
(A), II (B) and III (C) by electron microscopy (EM ×3500). a. Slight
mesangial expansion due to matrix increase and minute mesangial
electron-dense deposits (not seen at this magnification), no cell increase.
Basement membranes unchanged. One polymorphonuclear leukocyte in
the capillary lumen. No foot process fusion of podocytes. b. Very similar
morphology as compared with (A), but large and lumpy electron-dense
deposits in the mesangium (arrow). c. In addition to (B), numerous
electron dense deposits of variable size on the outside of the basement
membrane (arrow). Complete foot process effacement of podocytes.
Fig. 5. Anti-C1q autoantibody titres in individual mice over time. (A)
MRL/MpJ +/+ and (B) BALB/c mice. Data are expressed relative to a
standard monoclonal mouse anti-C1q antibody. In MRL/MpJ +/+ mice,
anti-C1q levels strongly varied over time.
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numbers of cortical and medullary lymph follicles seen in
most animals. Individual mice exhibited small foci of
interstitial plasma cell aggregates.
Hyalinosis was rare in the arterioles. The arteries (with
two exceptions) and the veins were unremarkable. At higher
magnification, a variable degree of mesangial expansion
was seen, in part due to an increase of the mesangial matrix
and partly due to a highly variable hypercellularity or both.
Protein deposits were visible by trichrome stain in the
mesangium and less frequently in the periphery. This basic
picture of glomerular injury had several variants. The more
severe themesangial hypercellularity, themore frequent was
a generally segmental intracapillary hypercellularity due to
mononuclear cells. In cases of particularly severe hypercel-
lularity, the glomeruli were often segmentally or globally
lobulated. The BALB/c control mice studied in the same
way showed no pathology at all.
In addition, occasional so-called active lesions were
found, in the form of segmental tuft necrosis, segmental
proliferative or proliferative sclerosed crescents, mesangio-
lysis, protein thrombi or vasculitis. These active lesions
were extremely rare and involved at most 1% of the glom-
eruli. The peripheral loops were occasionally thickened,
but clear cut doubling of the basement membrane with me-
sangial interposition was not observed (Figure 2).
Immunohistology. In immunohistochemical stainings, me-
sangial, and more rarely peripheral, deposits of varying in-
tensity were seen for complement C3 (62%) and IgG
(29%). Using immunofluorescence, C3 and IgG stained
positive in 94 and 100% of mice, respectively. C1q posi-
tivity was found in 71% of mice where weakly positive
findings dominated (Figure 3).
Semi-quantitative and quantitative evaluation. The arbi-
trary assignment of the animals into three groups accord-
ing to increasing scores of injury reflects the level of
variability and the pattern of injury (Table 1).
Group 1: The group with the lowest injury score is
essentially distinguished by a slight increase in mesangial
matrix and cell number, without regular presence of im-
munoglobulin or complement deposits. The basic pattern
corresponded to minor glomerular abnormalities or mild
mesangial proliferative GN.
Group II: A marked increase in mesangial matrix and
cell number is accompanied by mild segmental intracapil-
lary hypercellularity. Cell proliferation paralleled the in-
crease in size (glomerular DAPI+ area/glomerular area).
Slight C3 or C1q deposits could be seen. The lesions seen
corresponded to severe mesangio-proliferative GN.
Group III: In this group with the highest injury scores,
the mesangial changes and the segmental, intracapillary
hypercellularity were even more prominent than in group
II. Protein deposits were seen with the trichrome stain,
identified as complement deposits (C3 and/or C1q) by im-
munofluorescence. Quantitative evaluation showed, in
addition to a further increase in glomerular cell size and
number, an over proportional cell proliferation (glomerular
DAPI+ area/glomerular area). The intracapillary hypercel-
lularity was mainly due to an increase in monocytes more
than lymphocytes (see Table 1). All cases with so-called
active lesions (see above) were found in group III. The
pattern of injury corresponded to a diffuse proliferative
GN with active lesions.
The level of severity of the GN correlated with the level
of complement deposition (C3) seen by light microscopy
(P = 0.0079).
Electron microscopy. Group I and II: Both groups of mice
exhibited mesangial enlargement resulting from a modest
increase in matrix material and prominent mesangial cell
activation. The mice of group I revealed numerous small,
osmiophilic deposits along the para-mesangial basement
membrane, in the sample from group II deposits were large
and lumpy. There were no deposits in the periphery and no
fusion of the podocyte foot processes.
Fig. 6. Proteinuria in ageing MRL/MpJ +/+ mice. Proteinuria in MRL/MpJ +/+ mice was determined using dipstick analyses. Data are shown as
mean +/− standard deviation.
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Group III: These mice had massive mesangial expansion,
due to cell proliferation and cell activation, modest matrix
expansion and massive accumulation of osmiophilic depos-
its of varying size. In addition, subepithelial deposits of
varying size irregularly distributed along the peripheral
basement membrane were seen, in part flanked by spikes.
The podocytes were highly activated and exhibited com-
plete fusion of the foot processes. Subendothelial deposits
were comparatively small and rarer. In the endothelium,
tubulo-reticular or fingerprint-like structures could not be
found in any animal. The vessels and the tubulo-interstitial
space were unremarkable, in particular no osmiophilic
deposits were detected along the peripheral capillaries
(Figure 4).
Detection of anti-C1q autoantibodies in serum
Already at 3 months of age, most MRL/MpJ +/+ mice had
elevated anti-C1q when compared to BALB/c control
mice. Although all mice showed a rise in titre at later
time-points, individual mice showed a high variability in
anti-C1q titres (Figure 5). No correlation between survival
and either peak anti-C1q levels or areas under the anti-C1q
curves (AUC anti-C1q) was found.
Correlation between anti-C1q autoantibodies and renal
damage
Using dipstick analyses, we observed a progressive in-
crease in proteinuria (Figure 6) but did not detect a signifi-
cant haematuria in ageing MRL/MpJ +/+ mice.
No correlation was found between degrees of proteinuria
and serum creatinine concentrations (median 0.56 mg/dL,
range 0.39–1.41 mg/dL in 14-month-old MRL/MpJ +/+
mice) on the one hand and any parameter of anti-C1q, i.e.
areas under the anti-C1q curves, the peak anti-C1q levels or
the anti-C1q levels at the time of euthanasia, on the other
hand.
According to the renal pathology, mice were separated in
three groups (see above) and analysed for their correlation
with anti-C1q autoantibodies. No significant differences
could be found between the three groups with regard to
the areas under the anti-C1q curves (AUC anti-C1q), the
peak anti-C1q levels or the anti-C1q levels at the time of
euthanasia (Figure 7). Furthermore, no correlations were
found between AUC anti-C1q, peak anti-C1q or anti-C1q
titres at the time of euthanasia and any parameter of renal
pathology (studied by light microscopy or immunohisto-
chemistry, Table 2).
Detection of anti-C1q autoantibodies in kidney eluate
The lack of correlation between anti-C1q autoantibodies
and renal damage was not due to the lack of anti-C1q
deposition in kidneys. Anti-C1q autoantibodies were
detected in the eluate of kidney tissue from 14-month-old
MRL/MpJ +/+ mice having high titres of anti-C1q, but not
in eluates of kidney tissue from BALB/c control mice.
Comparing anti-C1q levels in the eluate relative to eluted
total IgG with corresponding serum anti-C1q levels relative
to total serum IgG, a strong enrichment of anti-C1q in the
kidney eluate could be seen of MRL/MpJ +/+ but not in
BALB/c mice (Figure 8).
Fig. 7. Correlation between anti-C1q autoantibodies and renal damage.
Mice were divided into three groups (Groups 1–3) according to renal
pathology and analysed for their correlation with anti-C1q autoantibodies.
No significant difference could be found between the three groups when
looking at areas under the anti-C1q curves (AUC anti-C1q), peak levels
of anti-C1q or titres at time of biopsy. Medians are shown as horizontal
lines.
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Discussion
Our study provides a detailed morphological analysis of
the lupus nephritis in MRL/MpJ +/+ mice but fails to dem-
onstrate a correlation between anti-C1q antibodies and the
severity of GN.
MRL/MpJ +/+ mice develop a highly variable picture of
GN at 14 months which reflects the picture seen in human
lupus nephritis. There is a range from minor glomerular
lesions, with only tiny osmiophilic deposits in the mesan-
gium without regular complement deposition, to mesangio-
proliferative GN with marked mesangial expansion and
lumpy mesangial deposits and to diffuse proliferative GN
which is typical for severe lupus nephritis in man. These
latter cases have, in addition to marked mesangial expan-
sion with cell proliferation, large, lumpy mesangial deposits
accompanied by minor subendothelial deposits as well as
in part massive subepithelial deposits and dominant com-
plement deposition. However, the so-called active lesions
were only observed in very few glomeruli. In most other
mouse models of lupus nephritis (NZBxW, MRL/1,
BXSB, MRL/MpJ-lpr/lpr), a lower degree in the variability
of the GN severity is seen between individual animals. At
any particular time point, and often early (3–6 months), a
severe, homogenous GN of diffuse proliferative type can be
observed [3,5,15, personal observations]. Occasionally,
these lesions are accompanied by severe exudative changes
with crescent formation and, after an observation period
exceeding 1 year, extensive glomerular obsolescence. The
latter type of changes were virtually absent in our study.
In contrast to the other SLE mouse models, we did not
observe regular IgG deposition in theMRL/MpJ +/+ model.
As described for other lupus-prone mouse strains, the
MRL/MpJ +/+ mice developed elevated levels of anti-
C1q antibodies early in life. Levels of anti-C1q antibodies
varied which allowed the analysis of differences between
mice with high levels of anti-C1q and mice with low levels
of anti-C1q. Fourteen-month-old mice with high titres of
anti-C1q antibodies in serum had an enrichment of anti-
C1q in their kidneys. This finding is in line with the finding
of anti-C1q antibodies in renal tissue of MRL/MpJ-lpr/lpr
mice [9] as well as in post-mortem material of end-stage
kidneys from patients with lupus nephritis [16]. At the
age of 14 months some MRL/MpJ +/+ mice exhibited
GN with increased glomerular cellularity as well as glom-
erular IgG, C1q and/or C3 deposition. This is in accordance
with previous studies showing glomerular deposition of C3
and IgG starting already at 7 months [11,17].
However, we found no correlation between levels of anti-
C1q and any parameter of glomerular inflammation. In
Table 2. No correlation of anti-C1q antibodies with parameters of glomerular histology in MRL/MpJ +/+ mice
Renal parameter
AUC anti-C1q
(P-values)
Peak level anti-C1q
(P-values)
Anti-C1q titre at biopsy
(P-values)
Glomerular deposition of C1q 0.7320 0.0580 0.3078
Glomerular deposition of C3 0.3788 0.5333 0.8104
Glomerular deposition of IgG 0.8595 0.4649 0.8790
Glomerular CD3+ cells 0.2340 0.2432 0.3973
Glomerular Mac2+ cells 0.7371 0.7370 0.3132
Glomerular area 0.8057 0.2224 0.5366
Glomerular DAPI+ area per glomerular area 0.8013 0.8405 0.8977
Mesangial matrix 0.4320 0.5585 0.9866
Mesangial cells 0.9875 0.8104 0.4551
Glomerular protein deposition 0.4177 0.3532 0.9347
Intracapillary hypercellularity 0.8185 0.7683 0.2499
Segmental lesions 0.2105 0.4906 0.9689
Lobulation 0.2570 0.4436 0.9316
Fibrin 1.000 0.4863 0.4863
Crescents 0.5627 0.8175 0.7290
Obsolescent glomeruli 0.5162 0.4792 0.7658
Arteriolosclerosis 0.2517 0.1292 0.4994
AUC = area under the anti-C1q curve.
Fig. 8. Renal elution of anti-C1q antibodies. Anti-C1q reactivity per
microgram IgG in eluate of kidney tissue and serum of 14-month-old
MRL/MpJ +/+ mice compared to age-matched BALB/c control mice.
An enrichment of anti-C1q autoantibodies is seen in the kidney eluate
of MRL/MpJ +/+ but not in BALB/c mice when compared to serum.
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addition, levels of anti-C1q did not correlatewith the overall
survival of MRL/MpJ +/+ mice. Although we cannot ex-
clude a role for deposited antibodies, our observational data
suggest that anti-C1q are not involved in the pathogenic
mechanism of GN in lupus-prone MRL/MpJ +/+ mice
and do not support the hypothesis that anti-C1q have a
pathogenic role in SLE. The finding is also in conflict with
data from Trouw et al. showing that the injection of a
monoclonal anti-C1q in mice pretreated with subnephrito-
genic doses of C1q-fixing anti-glomerular basement mem-
brane antibodies resulted in exacerbation of the subclinical
renal disease [18]. In another study, the injection of poly-
clonal rabbit anti-mouse C1q into healthy mice resulted in
glomerular complement activation, leukocyte influx and
mild albuminuria [19]. As a consequence, we think that
the type of GN might be critical in the determination
of the predictive value and pathogenic role of anti-C1q.
Independently, it has been recognized that translation of
results obtained in experimental autoimmune diseases
into the human situation is difficult [20]. Thus, in spite
of morphological similarities, different mechanisms might
be involved between the pathogenesis of human lupus
nephritis and the GN seen in MRL/MpJ +/+ mice. Only
large studies on SLE patients that are closely followed
over long periods might provide a definitive answer to
the question of the true predictive value of anti-C1q for
renal flares.
In conclusion, we did not observe a correlation of anti-
C1q with the survival or the severity of GN in lupus-prone
mice. Therefore, our data do not support the hypothesis
that anti-C1q have a pathogenic role in SLE. However, dif-
ferent pathogenic mechanisms might be involved in the
GN of lupus-prone MRL/MpJ +/+ mice and human prolif-
erative lupus nephritis.
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